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INTRODUCTION 


One  of  the  first  researchers  to  identify  that  resistivity  could  depend  on  the  size  of  the 
sample  was  Fuchs  (ref  1),  whose  work  was  later  extended  and  corrected  by  Sondheimer  (ref  2). 
Mayadas  and  Shatzkes  extended  the  work  of  Fuchs-Sondheimer  to  include  the  surfaces  at  the 
grain  boundary  (ref  3).  The  Mayadas-Shatzkes  model  consists  of  an  array  of  grains  whose 
boundaries  are  perpendicular  to  the  electron  flow  in  the  medium.  Later,  Tellier  et  al.  were  to 
extend  the  results  of  the  Mayadas-Shatzkes  model  into  three  dimensions  (refs  4,5).  Due  to  the 
recent  demands  on  interconnect  technology,  another  look  into  resistivity  mechanisms  is 
warranted.  With  the  increased  control  of  film  microstructure  made  possible  by  current  deposition 
technology,  it  is  necessary  to  explore  the  effects  of  microstructure  on  the  resistivity. 

In  keeping  with  the  models  presented  by  Mayadas  and  Shatzkes  as  well  as  Tellier,  the  film 
is  assumed  to  be  composed  of  grains  that  are  cube-like  in  nature.  The  cube  length  is  assumed  to 
coincide  with  the  average  grain  size  in  the  film.  In  this  manner,  the  grain  size  is  not  limited  to  that 
of  the  film  thickness,  but  can  instead  be  treated  quite  independently. 

In  the  case  of  a  film  with  grains,  the  mean  free  path  is  due  to  the  interactions  of  the 
electrons  with  lattice  distortions,  as  well  as  the  interactions  with  the  grain  boundaries.  The 
simplest  form  for  this  effective  mean  free  path  is  to  assume  that  the  two  are  independent 
scattering  mechanisms.  This  is  certainly  not  correct,  however  deviations  from  this  rule  are  not 
expected  to  be  large.  The  mean  free  path  due  to  grain  boundaries  alone  is  given  by  (refs  4,5) 

,,  _ d _ 

*  log(l/r){C2  +  (1  -  C)|co.v01} 


where  t  is  the  probability  of  an  electron  to  be  specularly  transmitted  through  the  grain  boundary,  d 
is  the  average  grain  size  in  the  film,  and  { &,(/>}  represent  the  trajectory  of  the  electron.  Equation 
(1 )  is  obtained  by  the  approximation  that  C=  I  cos  I  sin  ^1 »  4/;r.  If  is  the  single¬ 
crystalline  mean  free  path,  then  the  mean  free  path  for  the  film  is  given  by  Matthiessen's  rule,  1/A 
=  l/Ao+l/A^. 

If  the  film  thickness  is  given  by  a,  the  probability  for  specular  reflection  of  an  electron  that 
interacts  with  the  film  interface  is  given  by  p,  and  recalling  that  X  =  ut  when  solving  the 
Boltzmann  equation,  we  obtain 
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where  is  left  inside  the  0-integration  due  to  its  dependence  on  the  electron  trajectory  as  given 
by  equation  (1).  Of  course,  the  resistivity  for  the  film  is  again  given  simply  as  /?  =  Ha. 

As  can  be  seen  from  equation  (2),  there  are  now  four  major  parameters  for  the 
determination  of  the  thin  film  resistivity.  These  are: 

•  The  ratios  between  the  bulk  mean  free  path  and  the  film  thickness,  AqIq 

•  The  ratio  between  the  bulk  mean  free  path  and  the  grain  size  that  enters 
through  A^,  Ajd 

•  The  probability  for  specular  reflectance  at  the  film  surfaces,  p 

•  The  transmittance  probability  through  a  grain  boundary,  t- 

This  report  will  be  concerned  with  the  last  parameter,  t.  Because  the  transmittance  through  the 
grain  boundary  can  be  influenced  by  the  nature  of  the  boundary  itself,  it  should  not  be  surprising  if 
texture  can  play  a  role  in  varying  this  parameter. 

EXPERIMENTAL  PROCEDURE 

The  partially  ionized  beam  (PIB)deposition  technique  (ref  6)  was  used  to  deposit  the  films 
for  this  work.  The  benefits  of  using  the  PIB  over  other  deposition  techniques  is  that  the  grain 
orientation  distribution  can  be  changed  while  keeping  the  grain  size  relatively  constant.  The  PIB 
technique  achieves  this  through  the  use  of  ion  assist.  However,  unlike  sputtering,  the  ions  used 
are  derived  from  the  neutral  vapor  stream.  Thus,  they  are  incorporated  in  the  film  as  host 
material  rather  than  as  an  impurity.  The  percentage  on  ions  striking  the  film  surface  in  this  fashion 
can  be  varied  between  0. 1  and  5  percent  of  the  neutral  flux,  and  the  energy  of  the  incident  ions 
can  be  varied  between  0  and  3.5  keV.  In  our  study,  the  glass  substrates  were  held  at  room 
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temperature  during  the  deposition,  which  occurred  at  a  work  vacuum  between  5x10'^  Pa  and 
3x10  ''  Pa.  A  metal  clip  was  attached  to  the  surface  of  the  glass  to  prevent  charging  of  the  surface 
during  depositions  and  to  avoid  pinholing  in  the  films  (ref  7).  A  base  vacuum  of  better  than 
5x10'^  Pa  was  achieved  prior  to  deposition.  Silver  was  typically  deposited  with  a  deposition  rate 
of  about  10  to  15  A/s.  Copper  was  deposited  under  similar  conditions  with  a  rate  of 
approximately  14  A/s.  The  deposition  rate  for  aluminum  was  held  lower  at  approximately  5  A/s. 
All  films  were  approximately  1500  to  2(XK)  A  thick. 

The  film  thickness  was  monitored  during  deposition  using  a  quartz  crystal  monitor  and 
confirmed  using  a  Tencor  Alpha  Step  profilometer.  Sheet  resistance  was  measured  for  the  films 
using  a  standard  in-line  four-point  probe.  Measurement  of  the  grain  size  was  determined  by  both 
X-ray  and  Atomic  Force  Microscopy  (AFM)  techniques.  Conventional  Bragg  20  measurements 
were  performed  to  obtain  qualitative  information  as  to  the  grain  orientations  with  respect  to  the 
substrate  surface.  Pole  figure  analysis  and  its  subset,  the  fiber  texture  plot,  were  used  to 
determine  the  volume  fraction  information  as  well  as  angular  distributions  of  the  grains  in  the  film. 
Measurements  were  performed  using  a  Scintag  20(X)  X-ray  diffractometer. 

RESULTS 

Changing  the  energy  of  the  ions  during  the  deposition  of  silver,  copper,  and  aluminum 
resulted  in  a  change  in  the  resistivity  of  the  as-deposited  film.  In  all  cases  there  was  a  clear 
minimum  in  the  measured  resistivity  with  ion  energy.  The  changes  observed  were  too  great  to  be 
attributed  to  impurity  effects.  Regardless  of  the  ion  energy  used  during  deposition,  the  grain  size 
was  relatively  constant.  The  grain  distributions  in  all  of  the  films  were  seen  to  be  monomodal. 

The  predicted  resistivity  was  calculated  using  equation  (2).  We  have  used  the  values  for 
the  transmittance  probability  commonly  found  in  the  literature,  as  well  as  the  measured  grain  sizes 
in  the  film.  As  there  are  no  listed  transmittance  values  for  silver,  the  copper  value  was  used 
instead.  The  open  triangles  in  Figure  1  show  the  calculated  resistivity  for  silver,  copper,  and 
aluminum.  Fiber  texture  and  pole  scans  were  taken  for  each  volume  component  using  Schultz 
geometry.  Table  1  summarizes  the  results  of  the  fiber  texture  measurements.  Aluminum  can  be 
seen  to  exhibit  a  trend  in  the  resistivity  with  the  <1 1 1>  volume  fraction.  The  lack  of  a  <2(X)> 
volume  fraction  indicates  that  it  is  of  higher  probability  that  two  grains  neighboring  each  other 
will  be  of  the  same  orientation,  i.e.,  of  <1 1 1>  type.  If  this  is  the  case,  then  an  electron  that  travels 
from  one  grain  to  its  neighbor  is  less  likely  to  see  a  large  lattice  change,  and  hence,  experience  a 
higher  probability  of  specular  transmittance.  In  this  manner,  the  resistivity  would  not  be 
controlled  by  any  other  volume  fraction,  but  rather  by  the  degree  of  lattice  change  between 
neighboring  grains. 
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SIMULATION 


Monte-Carlo  methods  were  used  to  determine  the  average  effective  grain  boundary 
dislocation  density  for  each  film.  From  the  measured  fiber  texture  information,  the  volume 
fractions  as  well  as  the  Gaussian  distributions  of  the  grains  within  the  volume  fraction  are  known. 
Also  from  this  information,  a  film  is  generated  where  each  successive  grain  is  created  such  that 
the  grain  type  follows  the  probabilities  of  the  volurrie  fractions.  In  addition,  the  tilt  angle  for  the 
grain  is  then  given  by  the  measured  Gaussian  distribution  (except  for  the  random  grains,  which  are 
given  a  flat  distribution).  The  azimuthal  rotations  of  the  grains  are  determined  randomly  to 
coincide  with  the  observed  fiber  texture  of  the  films. 

From  the  knowledge  of  each  grain  orientation,  the  atomic  positions  at  the  grain  boundary 
interface  can  be  determined.  The  areal  density  of  atoms  at  the  boundary  from  atoms  on  either  side 
is  then  compared.  The  dislocation  density  is  obtained  by  looking  at  the  degree  of  area  difference 
that  exists  in  the  change  from  one  lattice  orientation  to  the  other.  The  difference  in  this  area 
represents  those  atoms  that  are  not  accommodated  by  the  switch  in  lattice  orientations,  and  so  are 
due  to  dislocations.  From  the  knowledge  of  the  size  of  the  Burgers  vector  in  the  material,  the 
dislocation  density  at  the  grain  boundary  can  be  determined.  At  high  tilt  angles,  the  dislocations 
in  a  real  crystal  will  begin  to  coalesce  into  super-dislocations  and  eventually  void  formation  at  the 
boundary  will  occur.  In  fact,  the  concept  of  a  dislocation  density  in  this  case  is  likely  to  have  little 
physical  meaning.  However,  the  values  given  by  the  simulation  should  still  serve  as  a  valid 
tracking  number,  albeit  a  physically  meaningless  one.  The  values  of  the  dislocation  density,  p^, 
should  be  used  solely  for  their  trend  indications,  and  the  absolute  values  should  not  be  taken  too 
precisely. 

Stripes  of  1000  grains  or  more  were  simulated  and  averaged  over  more  than  1(X)  runs.  It 
can  be  seen  that  the  minimum  in  resistivity  follows  with  the  dislocation  density  at  the  grain 
boundary  when  plotted  as  a  function  of  the  ion  energy  used  during  deposition.  Figure  1  shows  a 
representation  of  this  correlation  for  the  copper,  silver,  and  aluminum  films.  It  seems  apparent 
that  while  grain  size  and  impurity  concentration  cannot  account  for  the  variation  in  the  resistivity, 
perhaps  the  grain  boundary  dislocation  density  can. 

In  order  to  return  to  the  original  problem  of  the  specular  transmittance  parameter,  t,  for  an 
electron  to  pass  through  the  grain  boundary,  it  is  necessary  to  determine  how  the  transmittance 
and  the  dislocation  density  are  related.  A  simple  model  can  be  used  whereby  the  transmittance 
should  linearly  decrease  with  increasing  dislocation  density. 

Using  the  measured  resistivities  and  the  grain  size  as  measured  from  AFM,  the 
transmittance  coefficient  in  the  Tellier  model  can  be  calculated  for  each  film.  The  specular 
transmittance  probabilities  obtained  from  the  resistivity  values  are  then  plotted  against  the 
simulated  results  for  the  effective  grain  boundary  dislocation  densities.  The  results  for  silver, 
aluminum,  and  copper  are  that  the  specular  transmittance  probability  always  decreases  linearly 
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with  the  effective  dislocation  density.  The  minimum  points  in  the  resistivity  curves  of  Figure  1 
correspond  to  the  lowest  effective  dislocation  density,  and  consequently  the  highest  electron 
transmission  probability.  With  silver,  for  example,  at  the  minimum  resistivity  we  obtain  a 
transmission  coefficient  of  0.9. 

CONCLUSIONS 

The  resistivity  of  a  thin  metal  film  has  been  shown  to  depend  not  only  on  the  grain  size  and 
impurity  concentration,  but  also  on  the  degree  of  texture.  Texture  plays  a  role  in  the  resistivity  as 
a  second-order  effect,  however  it  can  be  seen  to  dramatically  affect  the  resistivity  when  other 
parameters  are  held  constant. 

Using  the  PIB  deposition  system,  thin  silver,  copper,  and  aluminum  films  were  grown  with 
varying  degrees  of  texture  while  keeping  the  grain  size  relatively  constant.  A  Monte-Carlo 
simulation  was  developed  to  determine  the  effective  dislocation  density  at  the  grain  boundary  for 
a  given  film.  Using  the  measured  texture  distribution  from  X-ray  pole  figure  techniques,  the 
calculated  dislocation  density  was  seen  to  track  well  with  the  measured  resistivity.  A  simple 
model  was  proposed  that  the  probability  for  specular  transmittance  of  a  conduction  electron  at  the 
grain  boundary  decreases  with  increasing  dislocation  density. 
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Table  1.  Volume  Fraction  Distribution  for  Selected  Silver,  Copper,  and  Aluminum  Films 
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Figure  1.  Change  in  the  resistivity  with  changing  ion  energy  used  during  the  deposition. 
The  solid  circles  represent  the  measured  resistivity.  The  open  triangles  are 
predicted  values  using  the  Fuchs-Sondheimer/Tellier  model  for  resistivity. 
The  simulated  dislocation  densities  are  also  plotted. 
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